Abstract: This work reports, for the first time, the behavior of a Redox Flow Battery using nanoparticles based on graphene in the vanadium based electrolytes to act as nanofluids and working under a solar profile radiation (realistic conditions) for renewable energy storage. It has been demonstrated that the use of graphene based nanofluids improves the performance of this energy storage system and enhances the durability of the redox flow battery.
Introduction
Renewable energies are now entering markets as a result of continuous investment in their research and development. But, these technologies show some disadvantages that must be overcome such as they are intermittent, their low adaptation between the offer and demand, etc. [1] Thus, the use of batteries as energy storage system is crucial to make these energy technologies based on renewable sources appealed to the society. Among different types of batteries, redox flow batteries (RFBs) are one of the most recent technologies and are receiving great attention due to its advantages [2] . They are composed of an electrochemical cell and two electrolyte tanks used for the anolyte and catholyte storage. This cell allows changing chemical energy into electricity and vice versa by the oxidation and reduction reactions of electrolyte employed. Moreover, the concentration of the redox species and the volume of the tanks determine the amount of stored energy and the power is determined by the rate of reaction at each electrode and their total surface area [2] [3] [4] . Among the different types of RFBs, the all vanadium redox flow batteries (VRFBs) are very promising energy storage system since they employ the same ion on both electrolytes but in different oxidation states minimizing the cross-contamination (in the positive tank: VO2 + /VO 2+ redox couple; in the negative tank: V 2+ /V 3+ redox couple) [2, 3] . Nevertheless, there are some challenges that must be face up since oxygen and protons are necessary in the cathodic reaction to keep the balance of charges and the stoichiometry (Eq.1). The redox V +3 /V +2 reaction is more reversible and its reaction kinetic is much faster than the VO +2 /VO2 + reaction. It is due to the positive redox reaction involve three elementary steps, one electron transfer and two proton exchanges, and several complex intermediates depending on the electrolyte pH and the potentials [5, 6] .Besides, RFB has a relative poor energy to weight ratio [2, 3] .
On the other hand, nanoscience and nanotechnology could hold the keys to many of the technological advancements in the energy sector. Graphene based nanomaterials are receiving a great interest in the energy storage field. Thus, the development of electroactive nanofluids (ENFs), that is, fluids containing nanoparticles able to store electrical energy, whether through redox or capacitive mechanism have been proposed recently for energy storage applications [7] but not under practical operation conditions. Hence, in this work, for the first time, the application of graphene based nanoparticles to be part of the electrolyte of all vanadium redox flow batteries is shown to act as nanofluids in RFBs running under realistic conditions, that is, under a solar energy profile of charge of the battery to evaluate the possible benefits of their use.
Results and Discussion
As stated before, this work aims at studying the differences found in the performance of a VRFB using graphene based materials in the electrolyte (nanofluid), charged under realistic conditions, which is following the solar radiation using solar panels. In order to do this, solar radiation was monitored for seven days in a raw, in spring in Ciudad Real, Spain (38.59 N 3.55 O). The time-course of the solar radiation measured over this period is shown in Figure 1 . Maximum values were reached during the first, fifth and seventh day, reaching values around 1,100 W m -2 .Variability of weather conditions was not very high and this profile can be considered as representative of typical conditions at this season in the center of Spain, so it was used in this work as a typical cycle pattern of solar irradiation to evaluate the charge of the VRFB with solar radiation. The graphene nanoplatets powders were analyze by Raman to assess the quality of this carbonaceous material. Figure 2 shows the Raman spectra of graphene nanoplatelets powders. The Raman spectra shows the characteristic peaks of graphene based material, D and G peaks [8] . The D peak is visible at 1344 cm -1 and shows the presence of imperfections in graphitic based materials. On the other hand, the G peak appears at 1591 cm -1 and it denotes the symmetryallowed graphite band. Besides, the spectra agrees with the one provided by the supplier of carbonaceous materials, Reinste [9] . Figure 3 shows the ten charge and discharge cycles applying the solar radiation profiles shown in Figure 1 to the VRFB. Using standard electrolytes and using graphene based nanofluids.
As 0.2 mol of electrons (0.2 dm 3 x 1 mol dm
) need to be transferred across the cell in order to complete the formation of V 4+ in the positive reservoir and 1 mol of electrons is equivalent to 26.8 Ah, hence 5.36 Ah are expected to be required. Assuming that the cell is charged at an average current of 0.98 A, the charge of the first cycle is expected to be completed in approximately 5.5 h. If we observed the experimental values for both tests, it can be seen that for the test using the standard electrolyte, the charge time required was 6.7 h which represents a difference of 21.7 % with respect to the expected value. In the case of the test performed with nanoparticles, the charge time was 7 h, which is 27.3 % above the theoretical value. In comparing these results with other found in the literature, these differences can be considered as low. For example, Mohamed et al [10] reached values of 23.7 % at 20 mA cm -2 .
One interesting feature that can be drawn from Figure 3 is the duration of charge-discharge cycles. As it can be observed, the experimental charge time for the first cycle is higher than the theoretical one in both experiments. It could be due to secondary reactions that place in the electrolyte as a result of vanadium ion crossover. The crossover leads to undesirable reaction in both electrodes which produce a selfdischarge in the cell increasing in this way the time of charge. These self-discharge processes can be described as follows. On the one hand, reactions 3 to 5 show the reactions once V +2 or V +3 ions cross the membrane.
On the other hand, the diffusion of VO 2+ and VO2 + to the negative electrolyte gives rise to the following reactions:
However, this is shortened in both operation modes from cycle to cycle, as expected because of the accelerated ageing caused by the membrane selected. Previous works showed higher capacity losses when the RFB is supplied with green energies such as solar or wind power [11, 12] . The higher crossover that the Nafion 117 membrane presents leads to self-discharge reactions in each electrolyte and subsequent capacity losses [13, 14] . Thus, it decreased from 9.8 h in the first cycle (6.7 h charging and 3.1 of discharging) down to 2.1 h in the tenth cycle (1.7 h charging and 0.4 h discharging). A similar behavior was obtained in the other test with nanofluids, decreasing from 10.6 h in the first cycle (7 h charging, 3.6 h discharging) down to 2.6 h in the tenth cycle (1.9 h charging, 0.7 h discharging) . But, what it must be pointed out, is that the use of nanofuids allows the use of the battery during longer period. Thus, in the case of the test with the standard electrolyte, the ten cycles of charge and discharge lasted around 51 hours while in the case of the test using the nanoparticles of graphene, the battery was operating for longer time, close to 60 h. This means, that the degradation effect was lower in the case of the test with the nanofluids. Figure 4 shows the charge and discharge capacity along the ten cycles of the tested batteries. It can be clearly observed, the benefit of working with nanoparticles in the electrolyte. The total charges were 28.5 Ah and 32.6 Ah for the experiments carried out with the standard electrolyte and with nanofluids, respectively. This means that the use of the nanoparticles of graphene based nanoparticles in the electrolyte increased the charge capacity more than 14 %. From these values, the efficiencies of the battery can be determined. The equations to calculate the charge or coulombic efficiency (C), voltage efficiency (V) and energy efficiency (E=C ·V) can be found elsewhere [7] . These efficiencies are also shown in Figure 4 . It is noticeable that both efficiencies, coulombic and voltage ones are very similar from the second to the ninth cycles. In the case of the tests with the nanofluids, the voltage efficiency was slightly high comparing with the tests performed with the standard electrolyte. Moreover, in the first and in the last cycle, the energy efficiency was much higher in the case of the battery running with the nanofluids. In contrast, these values were 29.6 % and 20.6 % for the last cycle. The energy efficiency values were 39.4 % and 34.7 % for the first cycle in the tests carried out with and without nanofluids, respectively. The reached efficiency values (around 60 %) are similar to others found in literature where a protonic exchange membrane is also used [15, 16] . The power reaches a value of 1.8 W in both experiments. However, the energy was higher when graphene based powders were added to the electrolyte. It varied from 4.5 to 0.8 Wh in the test carried out with graphene and from 3.7 to 0.5 Wh in the standard test. A drop in the energy was appreciated with number of cycles due to the decrease of the discharge capacity, as it has been stated previously. On the other hand, the stability of the used nanofluid is a key parameter to be evaluated for this kind of technology. Thus, the stability of the prepared electrolytes based on nanofluids with carbonaceous nanoparticles was evaluated by Z potential measurements. The magnitude of the Z potential is a measurement of the surface charge of particles of the colloidal system [17, 18] . If all the particles is suspension have a large negative or positive Z potential value, then they will tend to repel each other and there will not be tendency for the particles to aggregate and hence they will not precipitate. Table 1 shows the Z potential values of the electrolytes with and without 0.04 wt% of carbonaceous nanoparticles and of an aqueous solution with and without the same concentration of carbonaceous nanoparticles. Moreover, the conductivity and the pH of the solutions are also shown. It can be observed that the electrolytes show positive values of Z potential because of the presence of vanadium ions presented which have positive charge. While the electrolytes with nanofluid based on graphene nanoparticles show high negative Z potential values (-20 mV and -13 mV for the anolyte and catholyte, respectively) which is indicative of high forces of repulsion and makes not easy the flocculation of particles in this media. In the case of the aqueous solutions, the conductivity was very low and the Z potential of the aqueous solution with 4 wt% of carbonaceous nanoparticles was sometimes close to 0 mV and sometimes negative, around -11 mV. What it was observed in the case of the aqueous solutions is that the nanoparticles precipitate after 1 h in the cell used for the Z potential measurements. These values must be considered carefully, because the Z potential value depends on the temperature and, above all, the pH and a minimum of conductivity of the media must be reached to trust in the values recorded by the equipment.
Recently, Sur et al., [17] have obtained negative Z potential values around -55 mV for graphene dispersion in water while Kim et al. [19] have reported Z potential values around +15mV of graphite particles suspension at pH around 3 and -17 mV at pH 9. The negative values obtained by Sur et al and also shown in this work for the electrolyte based on nanofluids with carbonaceous materials could be due to the presence of negative charged -SO 3-units in the graphene based materials as it was stated by Li et al., [20] . It must be pointed out that there was no sign of coagulation or agglomeration of the electrolyte based on nanofluids during the tests which is in agreement with the Z potential values obtained in this work. Finally, BET analysis were carried out to evaluate if the graphene particles clogged the carbon felt pores during the test carried out with nanofluids. Table 2 shows the specific surface area, the pores volume and the average pore radio values of the fresh electrodes and the electrodes used in the test carried out with nanofluids. Non-significant differences were observed in the specific surface areas. However, the obtained values are higher than other found in literature [21] . On the other hand, the pores volume and the average pore radio drop after being used with nanofluids. This could indicate a slight clogging effect of the pores of the electrodes. Nevertheless, it must be pointed out that a high amount of nanoparticles is necessary to get a positive effect [7] . Table 2 . Specific surface area, pores volume and average pore radio values of different electrodes.
Conclusions
It has been demonstrated, for the first time, the benefit of working with nanofluids as electrolyte in VRFBs under realistic conditions. The addition of nanoparticles based on graphene in the electrolyte of VRBs allows lower degradation rates and does not lead to lower efficiencies but slight higher voltage efficiencies. Moreover, the use of Average pore radio (Å) the carbonaceous nanoparticles in the electrolyte allows increase the charge capacity of the battery. This work opens the research on the application of nanofluids in RFBs and much work must be performed to enhance these results and to understand better the mechanism and the role of the added solids.
Supporting Information Summary
A description of the used Redox flow battery and its main components is provided. Information about how the graphene based nanofluids were prepared is also given. Moreover, the equipments for the characterization of both nanoparticles and nanofluids and operation conditions are shown in this section. It is explained how the electrochemical tests were performed.
